Background
Blood is a critical resource for responding to mass casualty events (MCEs) (1) . Individual trauma patients have been known to consume as much as a 100U of red blood cells (RBCs) (2) (3) (4) . Such cases are manageable at well-equipped trauma centres (TCs), however, rates of civilian MCE massive transfusion (MT) of over 10 units of RBCs to single casualties can be as high as 10% (5, 6 ). These MT rates are similar to warfare and civilian injuries from modern events are increasingly resembling that of the battlefield, with large-scale shootings using automatic weapons reported in India, Norway and France over recent years (7) (8) (9) (10) (11) . The surge in RBC demand from casualties requiring a MT has the potential to decimate an individual hospital's blood bank inventory, severely compromising a unit's ability to treat bleeding casualties effectively (12) (13) (14) . Strategies for best managing this evolving demand are crucial to reduce the in-hospital preventable mortality following these events.
There has been a nine-fold increase in global mortality from terrorist incidents since the year 2000 (15, 16) . This has led to the term MCE becoming increasingly synonymous with terrorism and a renewed interest in MCE transfusion planning (6, 14, (17) (18) (19) (20) . Modelling methodologies have been applied previously in the context of MCEs, predominantly within the remit of prehospital care (21) (22) (23) (24) (25) (26) (27) (28) . Examples of in-hospital event modelling have indicated the perceived capacity of hospitals to manage MCEs to be overly-optimistic, one specifically identified blood product volume as a limiting factor in the event response (29, 30) . In addition, the provision of RBCs in MCEs is time critical. The majority of all trauma deaths in the first hour and approximately 50% of deaths in the first 24 hours are due to bleeding (31, 32) . The result is two thirds of an event's total RBC requirement on the first day is consumed within the first four hours (14, 33, 34) . Both time and supply elements must be overcome together if MCE RBC provision is to be managed effectively.
The overall objective of this study was to investigate strategies for optimizing in-hospital RBC provision to casualties in MCEs. This was approached through the application of computer simulation modelling to investigate two related aims. The first aim was to establish the effect of varying on-shelf RBC stock hold at a TC on the ability to adequately treat increasing numbers of casualties with RBCs. The second aim was to determine the effect time of RBC supply restocking has on casualty treatment rates compared to maintaining the equivalent stock levels on-shelf at a TC.
Methods

A computerised discrete event simulation (DES) model was constructed in Arena Simulation
Enterprise Suite version 14.0 (Rockwell Automation, Pittsburgh, USA). DES modelling is recommended for models involving determination of scarce resource allocation and queue minimisation problems (35) . Computer simulation involves the execution of repeated runs of a mathematical model to provide a series of model solutions, which collated as a set of statistics can be interpreted to measure system performance (36) . The discrete nature refers to the progression of the simulation clock only when an event which changes the state of one of the model variables occurs.
The model setting was a generic UK TC under the surge conditions of an unspecified MCE during the first 72 hours following an event (when transfusion pressure is greatest). Within the model only those procedures involved in the provision of RBCs to casualties from arrival through to receipt of their complete designated RBC demand were considered. No other blood products were considered in this RBC specific model. The TC itself represented the boundaries of the model which was divided into three distinct areas of operation: casualty assessment, casualty treatment and the transfusion laboratory. A schematic of the model design is presented in Figure 1 .
On initiation of the simulation the first casualty arrives at the TC which begins in a zero state. As casualties arrive they are triaged as either Priority one (P1) or two (P2). The priority system is specific to MCEs and allows a clear distinction between critically injured P1 casualties at risk of major haemorrhage and those who are not, but who may still require RBCs. Priority three (P3) walking wounded casualties were not included in the model as they would not be expected to require blood. A list of model assumptions applied to manage system complexity is provided in Table 1 . The model structure and input data required to drive it were derived from a number of sources, including: a literature review of 100 years of historical MCEs (previously published), direct observation of real-world TC transfusion laboratory processes and interrogation of both civilian and military trauma databases (37) . Throughout a simulation Arena refers directly to the input values or samples from a probability distribution provided for each model variable when making a decision or executing an event. These data inputs were all defined during the model's construction and are outlined in Table 2 .
Model data was collected throughout the simulation run to measure the system performance through two principal outcome measures. The first was the percentage of bleeding P1 and P2 casualties receiving their assigned RBC demand within the time allocated by their triage category (within one hour for P1s and four hours for P2s). The second outcome measure was the median time point at which emergency type O RBC inventory levels were exhausted (a surrogate for the inability to treat and therefore receive further bleeding casualties).
Prior to experimentation, a full model evaluation study was performed (38) The baseline model was modified to investigate each study aim in turn. Aim one required that for each casualty load, the total on-shelf RBC stock inventory at the TC was increased up to 10 times the standard volume by the addition of one complete RBC inventory level each time (Table   3 ). For aim two a single inventory restock was programmed to occur during each simulation run, providing 100% of the total initial RBC on-shelf stock when activated. This was programmed to occur once per simulation and at time increments of one hour up to 12 hours from the start.
Statistical analysis was performed in GraphPad Prism version 5.01 (GraphPad Software Inc. San Diego, CA, USA) and Microsoft Excel (Microsoft Corp. Redmond, WA, USA). The simulation software's use of common random numbers in the model allowed scenario comparison using paired t-tests. Statistical significance was measured at a p-value of <0.05 unless stated. Results are given as means and 95% confidence intervals (CI) or medians with the inter-quartile range (IQR) depending on the data type.
Results
The study involved over 35,000 simulations. The first experimental aim was to establish the effect of varying on-shelf RBC stock hold at a TC prior to an event on the ability to adequately treat increasing numbers of casualties. The effect of this variation on two of the outcome measures is shown in Figure 2 where a ten-fold increase in the standard RBC stock level is required. In contrast, the approximate 8% improvement in the treatment rate of bleeding P1s within one hour in the same scenario is not sufficient to fully treat all bleeding P1s, and further increases in stock hold produce no further improvement (Figure 2A ).
Although treatment remains incomplete amongst the P1 cohort irrespective of the RBC inventory, larger stock holds do maintain treatment rates above 50% as casualty load increases (Figure 2A) . In order to determine whether given more time than the defined one hour limit, further bleeding P1 casualties would be completely treated, we considered all bleeding casualties treated within six hours of their arrival. This confirmed P1 casualties do go on to receive their full transfusion demand. Meeting bleeding P1 RBC demands is therefore limited by both RBC stock adequacy and the ability to provide this stock within the required hour.
The consumption of emergency type O RBC follows a similar stepwise pattern to the P1 and P2 treatment rates, requiring ever increasing multiples of stock to ensure adequate levels are maintained as the casualty load grows ( Figure 2C In order to plan for future events, transfusion planners need to understand the treatment capacity of the RBC stock they hold. The maximum treatment level of P1s within an hour attainable in the model was found to be just over 70% irrespective of stock hold. We found 12U of RBC per casualty received (i.e. total casualty load) were required to maintain close to the maximum attainable treatment levels within the priority based time constraints. For an MCE comprising 50 casualties this would equate to 600U of RBCs on the shelf at a TC, far and beyond even the largest hospital based RBC inventories. Accepting a minimum treatment percentage of 90% for all bleeding casualties within six hours of their arrival, the RBC volume required falls to around 9.5U per casualty received (Figure 3) . Restocking supplies may therefore be the only option for managing events of any significant size.
Having established the effect on the model outcomes of varying a TC's RBC stock levels, we wished to explore the second study aim to determine the effect of RBC restocking compared with maintaining equivalent on-shelf stock levels. The maximum RBC stock level achievable in this scenario was twice the standard level held, we therefore focused on casualty loads up to 100 
Discussion
This study set out to investigate strategies for optimizing in-hospital RBC provision to casualties in MCEs using simulation modelling. The study showed standard on-shelf RBC stock levels at TCs to be inadequate for achieving maximum treatment rates possible within the model in even limited sized MCEs. Holding higher on-shelf stock levels was found to produce more acceptable treatment levels, however, maintaining the vast volumes of RBC permanently on-shelf is both expensive and potentially wasteful. There is particular pressure on type O RBC supplies in these events and the rate of type O consumption closely reflects TC treatment capacity when supplies cannot be replenished. Restocking of RBC supplies appears to offer a feasible solution within the model. This is however a time critical process, to avoid a reduction in overall RBC treatment outcomes the process must be completed within 6 hours of the first casualties' arrival.
The first aim of the study examined the effect of RBC stock hold volume at the TC on its ability to meet the RBC demands of arriving casualties. The model reinforced findings from previous studies that the capacity of responding units to cope with these events maybe more limited than we realise (39) . The standard stock hold of 210U was inadequate for casualty loads as low as 20, correlating with the RBC consumption of 160U by seven bleeding casualties during the London 2005 bombings which also involved multiple RBC restocks (12) . Achieving acceptable levels of care in the model following such events requires a significant increase in stock availability, most notably of emergency type O RBCs. When these stocks begin to exhaust, the ability to effectively manage casualties rapidly deteriorates. The level of this resource and its rate of consumption is likely to offer the best indication of the transfusion system reaching surge capacity.
The second aim of this study investigated the effects of restocking supplies during an event in place of holding the equivalent RBC stock level permanently on-shelf at TCs. The experimental 
Limitations
Several study limitations should be appreciated when interpreting the results. Firstly, the study was performed on a model and must not be mistaken for real-life experiments. Secondly, adequate treatment was defined as full receipt of RBC demand within set timescales based on triage category. These literature-based definitions in reality refer to time to initiate treatment; however, they do provide a suitable time based target and a quantifiable measure for evaluating system performance. Finally, the provision of components other than RBCs was not considered in this RBC specific model which could have significant effects on RBC consumption. The rationale for this was that given recent advances in the management of trauma haemorrhage, availability of accurate coagulation therapy data with which to inform the model was highly limited.
Conclusion
This study has demonstrated the potential effect adequacy of RBC supplies has on the ability to meet the transfusion demands of bleeding casualties in MCEs through a simulation modelling approach. Whilst greater and greater stock volumes are able to maintain adequate rates of treatment, the logistical and financial implications of maintaining these volumes of RBCs at TCs limits the feasibility of this solution long-term. Restocking RBCs early during an event can produce equivocal outcomes compared to an on-shelf stock hold, however, in order to achieve this, a push over pull approach needs to be considered to prevent delay and maximise any potential benefits. *Where a probability distribution is provided, a value is sampled from this distribution each time it is referenced within the model. Distribution parameters are provided in brackets. Type O RBC 100 200 300 400 500 600 700 800 900 1000 
